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Miniature Quasi-Lumped-Element Wideband
Bandpass Filter at 0.5–2-GHz Band Using Multilayer
Liquid Crystal Polymer Technology
Shilong Qian, Student Member, IEEE, and Jiasheng Hong, Fellow, IEEE
Abstract—Miniature wideband bandpass ﬁlters are proposed
using multilayer liquid crystal polymer (LCP) technology to cover
the very low-frequency band of 0.5–2 GHz. To reduce the ﬁlter
size at such low frequencies, lumped-element theory is used for the
ﬁlter design and a value extraction process is developed to accu-
rately get the capacitive or inductive values of different multilayer
microstrip quasi-lumped elements. These elements are used to
produce the required ﬁlter response, and thus the overall design
process relies less on the time-consuming EM optimization. A ﬁlter
with the size is demonstrated as
an initial design. To further improve the stopband performance,
an improved design is then developed while still maintaining the
compact sizes within .B o t h
ﬁlters are fabricated on a ﬁve-metal layer LCP construction,
which has not been done before, with robust via connections using
the newly developed laser-aided fabrication technique. Good
agreements between simulation and fabrication are observed,
which has proven both the success of the design methodology, as
well as the fabrication technique.
Index Terms—Bandpass ﬁlter, liquid crystal polymer (LCP),
miniature ﬁlter, ultra-wideband (UWB) ﬁlter.
I. INTRODUCTION
B
ANDPASS ﬁlters are essential and critical parts of com-
munication and radar systems. Apart from the usual re-
quirements for low loss and high selectivity, for a highly inte-
grated system, it is more desirable that the ﬁlters are very small
andcompatiblewiththenormalprintedcircuitboard(PCB)pro-
cessing, so they can be easily integrated into a system.
Recently, there is an increasing demand for such minia-
ture and high-performance wideband ﬁlters to operate at low
frequencies band, e.g., 0.5–2 GHz, for some emerging applica-
tions, such as wideband radar. However, considering the large
wavelengths at these frequencies, conventional planar ﬁlters
usually occupy large circuit board area and are high cost.
Duringthepasttenyears,withthedevelopmentofnovelmul-
tilayer packaging material, multilayer compact bandpass ﬁlters
have been developed in [1]–[13]. As a very mature and popular
technology, low-temperature co-ﬁred ceramic (LTCC) has been
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attracting many people’s interest in microwave circuit design.
LTCChashighdielectricconstant(upto10.2)andlowdielectric
loss (between 0.002–0.004), which provide a very promising
solution for compact passive ﬁlter design within a small format
[1]–[3]. In these publications, ﬁlters are designed in a novel 3-D
format on multilayer LTCC substrates, thus the sizes of ﬁlters
are reduced dramatically. However, these ultra compact ﬁlters
are for narrowband applications. In [4] and [5], wideband ﬁl-
tershavebeeninvestigatedusingLTCC.However,thefractional
bandwidth (FBW) of 45% in [4] is still not wide enough, while
[5] requires extremely high fabrication accuracy due to the use
of70- mquarter-wavelengthcoupledlines,whichwouldbetoo
narrow for multilayer laminated circuit fabrication.
BesidesLTCC,anorganicsubstrateisanoptionforsmallsize
ﬁlter design, such as the very recent RXP organic substrate [6],
[7]. RXP substrate has a low dielectric constant between 3–3.5
at around 1 GHz and very low processing temperature around
220 C ,w h i c hi sv e r ys u i t a b l e for RF modules integration [6].
However, as a new technology, the ﬁlter design in [7] was not
able to produce a sharp passband edge. Furthermore, the stop-
band is quite narrow and the rejection is not good enough.
Another organic candidate, liquid crystal polymer (LCP), has
also been popular due to its superior electrical properties up to
millimeter-wavefrequencies[8]–[14].Ithasastablelowdielec-
tric constant around 3 and low dielectric loss tangent 0.0025
overawidefrequencyrange. Thesepropertiesmake LCPa very
suitable solution for compact wideband ﬁlter designs [10]–[13].
Compared to LTCC, LCP has much lower processing tempera-
turearound280 C.AlthoughLCPhaslowerdielectricconstant
thanLTCC,whichmakesitmorechallengingforRF/microwave
circuit miniaturization, it makes LCP circuit design less sensi-
tive to fabrication tolerances than LTCC, which is very impor-
tant for multilayer laminated circuit. Although some cheaper
PCB laminates can be used for miniature ﬁlter designs, as in
[15], LCP offers much higher ﬂexibility on circuit thickness
and a very strong coupling can be achieved with a separation
as small as2 5 m. This is very important for the design of
low-frequencywidebandﬁlters that requires large capacitances.
Furthermore, in the LCP adhesive system, circuit layers (core
ﬁlms) and prepreg layers (bonding ﬁlms) have almost the same
characteristics, such as thermal expansion coefﬁcient, dielectric
constant, and water absorption, which can be a great beneﬁtf o r
both ﬁlter designs and practical applications. Table I lists some
typicalminiatureﬁltersintermsofthetechnology,size,andper-
formances.
Although ultra-wideband (UWB) LCP ﬁlters operating at
frequencies between 3.1–10.6 GHz have been reported in
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TABLE I
COMPARISON OF VARIOUS MINIATURE WIDEBAND BANDPASS FILTERS
[10]–[13], to the authors’ knowledge, miniature wideband
bandpass LCP ﬁlters for low RF/microwave frequencies have
not been investigated and the large wavelengths at these fre-
quencies make it very challenging for size reduction while
maintaining a good performance. For an UWB ﬁlter, compact
design with a size smaller than 10 mm 5 mm has been
reported in [11], thus this work is aimed to develop a wideband
bandpass ﬁlter covering a much lower frequency band from 0.5
to 2 GHz while still keeping the same size as in [11] to achieve
about 80% size reduction.
To achieve this, implementing the ﬁlter on more layers
is a feasible solution. However, in the open literature, most
LCP microwave ﬁlters have only been implemented with two
circuit layers and a ground plane [10]–[14], and very little
has been reported for the LCP microwave ﬁlter with more
than two circuit layers [16]. An obvious reason for this is
due to the less mature LCP fabrication process when more
circuit layers are used. Thus, developing a reliable fabrication
process for LCP multilayer circuits is another objective of
this work, and a design implemented with four circuit layers
and a ground plane will be discussed in this paper with the
complete fabrication process.
The detailed design methodology and multilayer elements
analysis are presented in Section II; based on these elements,
a high-pass (HP) ﬁlter with 0.5-GHz cutoff and a low-pass (LP)
ﬁlter with 2-GHz cutoff are presented and then cascaded in
Section III to achieve the required bandpass response. For the
multilayer structure, a newly developed fabrication technique
is discussed in Section IV. Measured results are discussed in
Section V and are followed by a conclusion in Section VI.
II. QUASI-LUMPED-ELEMENT DESIGN
For compact ﬁlter design at low frequencies, distributed
element resonators are not suitable due to their large sizes,
which are comparable to the wavelengths, thus microstrip
quasi-lumped-elements are usually used to design small size
ﬁlters.
Fig.1. (a)Conventionalbroadsidecouplingstructure.(b)Multilayerbroadside
coupling structure on multilayer LCP.
A. Quasi-Lumped-Elements on Multilayer LCP Substrate
The capacitors are usually the most size consuming parts in
a conventional single-layer ﬁlter design, where only weak edge
couplingsuchasthatinaninterdigitalcapacitorisadopted.This
becomes a more serious problem for a low-frequency ﬁlter de-
sign, where large capacitances are needed. With the develop-
ment of multilayer substrate, strong broadside coupling struc-
tures can be easily implemented, which reduces the size of the
capacitive elements dramatically. As shown in Fig. 1(b), the
four-layer structure [18], [19] works as three capacitors paral-
leled between two ports, which theoretically can reduce the size
by 67% compared to the structure in Fig. 1(a). Further size re-
duction can be achieved by using more layers with the cost of
fabrication complexity.
Fig. 2 shows the microstrip inductors that are used in this
work. The meander line can be used to implement small series
inductance between any two ports while the spiral line [20],
with a connection via, are very suitable for realizing large shunt
inductancebetweenanytwolayersinamultilayercircuitdesign
or to the ground.
B. Element Value Extraction
Before building these elements together for the proposed
ﬁlter, it would be ideal if these elements have accurate valuesQIAN AND HONG: MINIATURE QUASI-LUMPED-ELEMENT WIDEBAND BANDPASS FILTER 2801
Fig. 2. Microstrip inductors. (a) Meander and (b) rectangular spiral
high-impedance lines. (c) Circuit model.
as required by the circuit prototype so that even the initially
designed ﬁlter can produce similar response as the circuit
prototype, and the design cycle can rely less on the time con-
suming electromagnetic (EM) optimization. Although many
closed-form formulas are available in [17] and [18] to calculate
element values, in a practical design, some small parts of these
elements, such as the vias and via patches, shown as dashed
circles in Figs. 1(b) and 2(b), may be customized for the con-
sideration of easy fabrication and clear layout, thus it would
be difﬁcult for formulas to include the effect of these parts. To
solve this and get more accurate control of the element values
during the design cycle, a microstrip element value extraction
process, ﬁrst shortly introduced in [16], is used in this work to
obtain a connection between the microstrip elements and their
capacitances or inductances.
It should be mentioned that there will always be coupling be-
tween these elements and the ground, but due to the low dielec-
tric constant of the substrate, by using a relatively large sepa-
ration, these coupling capacitances are much smaller than the
main series inductances/capacitances.
III. BANDPASS FILTER DESIGN
To start the wideband bandpass ﬁlter design with bandwidth
from 0.5 to 2 GHz, which gives an FBW 120% at center fre-
quency of 1.25 GHz, a lumped-element ﬁlter prototype, which
consists of an HP and LP section, has been chosen to produce
the required response, as shown in Fig. 3(a).
Since the cutoff frequencies of these two sections are chosen
separately,thedesignmethodofthisworkcanbereadilyapplied
to other frequency design. In addition, with a properly designed
LPsection,awideupperstopbandcanbeeasilyachieved.Com-
pared to the resonators-based bandpass ﬁlter, this cascaded type
of bandpass ﬁlter can provide small and ﬂat group delay [11].
Regarding the choices of the HP and LP sections, the consid-
eration will be discussed in the following sections. The listed
HP and LP elements values are optimized with the initial values
obtained from LP prototypes, respectively, through frequency
and elements transformation. The ﬁlter will be implemented on
multilayer LCP substrate with a total thickness of 0.6 mm, and
the relative dielectric constant and loss tangent for the LCP are
3 and 0.0025, respectively.
A. HP Section Design
Sincesizereductionhasbeenthemainchallengeofthiswork,
the ﬁrst consideration on choosing an appropriate prototype is
Fig. 3. (a) Proposed circuit prototype and (b) its simulation response (
pF, nH, pF, nH, pF).
the total number of elements in the prototype. Potentially, the
less number of elements, the smaller the footprint of the ﬁlter
implementation, though there may be some tradeoff for the se-
lectivity and out-of-band rejection.
Based on this, for the HP section, the network, as shown in
Fig. 3(a), is chosen to produce a Chebyshev HP response with
0.5-GHz cutoff. For the Chebyshev HP ﬁlter, since there is al-
waysatransmissionzerolocatedatdc,thissimpleHPprototype
can produce a sharp passband edge for the 0.5-GHz cutoff, as
s h o w ni nF i g .3 ( b ) .
For the relatively large capacitance in Fig. 3(a), a four-
layer broadside-coupled capacitor, as shown in Fig. 1(b) with
planar dimensions in Fig. 4(a), is chosen. The separation be-
tween every two layers is chosen to be 0.05 mm for a strong
coupling, while the substrate has a relative dielectric constant
and total thickness mm (i.e., from the top cir-
cuit layer to the ground). The sizes of the via and via patches
are mainly for the consideration of easy fabrication. The ini-
tial values of and are chosen according to the metal–insu-
lator–metal (MIM) capacitance formula of (1), where is the
number of layers. Since this only gives a rough design, then by
varying and , more accurate capacitor values can be ex-
tracted using the method as mentioned in Section II-B, and the
mm and mm combination can be chosen to
realize in the circuit prototype. Fig. 4(b) shows the capaci-
tancesand factorsoftheselectedcombination,extractedfrom
simulation, at different frequencies near the cutoff frequency
0.5 GHz, for the substrate loss tangent and the
conductor conductivity S/m
(1)
For the large inductance , a high-impedance spiral line
should be used for a compact design. Since the inductor is2802 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 60, NO. 9, SEPTEMBER 2012
Fig. 4. (a) Planar dimensions for multilayer capacitor. (b) Capacitances and
factors extracted from simulation at different frequencies with ,
mm, ,a n d S/m.
Fig. 5. One-port model for grounding inductor.
shunttoground,thevalueextractionprocess is slightly changed
toaone-portmodel,asshowninFig.5. isthentheparameter
tobeusedforvalueextractiondueto the short-circuitcondition,
as shown in (2) and (3). For this work, a spiral line with dimen-
sions as shown in Fig. 6(a) has been chosen. The grounding via
has a length of 0.6 mm, which is also the total thickness of the
substrate. The central via and via patch sizes are ﬁrstly ﬁxed to
ensure easy fabrication, then by increasing the number of turns,
different inductances can be achieved. Fig. 6(b) shows the in-
ductances, extracted from simulation, for different number of
turns and dimensions at the cutoff frequency 0.5 GHz. It can
be seen that an inductor with three turns of 0.15-mm-wide line
should be used for this work. Fig. 6(c) shows the inductances
and factors, extracted from simulation, of the selected spiral
line at different frequencies
(2)
(3)
Byusingtheseelements,anHPﬁlterwithcutofffrequencyof
0.5 GHz can be built with a 3-D structure, as shown in Fig. 7(a),
Fig. 6. (a) Planar dimensions for a spiral inductor. (b) Inductances extracted
from simulation for the spiral inductor with different number of turns at the
cutoff frequency 0.5 GHz. (c) Inductances and factors extracted from simu-
lation at different frequencies with , mm, ,a n d
S/m.
whichhasatopologyforasmallfootprintwhileminimizingpar-
asitic coupling between adjacent elements. Fig. 7(b) shows the
full-wave EM simulated result of the proposed structure, com-
pared with the theoretical response of the ideal circuit proto-
type. The EM simulation was done using commercially avail-
able software [21]. It can be seen that the simulated and theo-
retical transmission or responses are almost identical over
a very wide frequency range from dc up to 6 GHz, which isQIAN AND HONG: MINIATURE QUASI-LUMPED-ELEMENT WIDEBAND BANDPASS FILTER 2803
Fig. 7. (a) 3-D structure of the HP section (not on scale). (b) Its full-wave sim-
ulation result compared to the circuit model response.
12 times the cutoff of 0.5 GHz. Similarly, the simulated
or return-loss response is nearly below 15 dB over the wide
passband, as predicted by the theory; despite more ripples ap-
pearing in the simulated response. It can be shown that these
additional ripples mainly result from the parasitic parameters
of the microstrip quasi-lumped elements and the spurious res-
onances around 7 GHz in the simulation are attributed to the
self-resonance of the capacitor and inductor. Nevertheless, the
designed quasi-lumped elements and their modeling equivalent
circuit work well for this wideband ﬁlter design.
B. LP Section Design
For the LP section design, a simple LP network can also be
used to produce the LP response with minimum number of el-
ements. However, the passband edge of a conventional Cheby-
shev LP ﬁlter would be very poor compared to the HP section
because its transmission zero is at the inﬁnite frequency, which
is far away from the desired cutoff frequency of 2 GHz. Thus,
for the consideration of getting roughly symmetrical passband
edges at both sides, an elliptic-function LP prototype, as shown
in Fig. 3(a), is chosen for the LP section to produce a ﬁnite-fre-
quency transmission zero near the upper side edge of the pass-
band, as shown in Fig. 3(b).
For the implementation of this LP section, the desired in-
ductor with a very small value of 2.48 nH, can be easily
implemented with a meander high-impedance line, as shown in
Fig. 2(a), with a width of 0.2 mm and a separation of 0.4 mm
between the two parallel meandered arms having a length of
2.1 mm. These dimensions are determined from the parameter
extraction based on EM simulation. The extracted factor for
this small inductor is about 78 at the cutoff frequency of 2 GHz.
To realize , a three-layer small size capacitor can be used
because of its small value. The values extracted from simula-
Fig. 8. Capacitances and factors extracted from simulation for different fre-
quencieswith , mm, ,a n d S/m.
Fig. 9. (a) Proposed 3-D structure for the LP section (not on scale). (b) Its
full-wave simulated result compared with the circuit model response.
tion are shown in Fig. 8, where and are the dimensions
as denoted in Fig. 4(a). can be implemented with a conven-
tional two-layer broadside coupled structure, with the second
layer connected to ground.
Based on these elements, the 3-D structure for the LP sec-
tion can be obtained as shown in Fig. 9(a). Care should be taken
to achieve a small size while minimizing unwanted cross cou-
plings by adjusting the separation of the quasi-lumped elements
implemented. Fig. 9(b) shows the full-wave simulation result
comparedtothecircuitresponse.Itcanbeseenthattheproposed
structure matches well with the circuit response from very low
f r e q u e n c yu pt o6G H z .
IV. MULTILAYER LCP FABRICATION
A. LCP Lamination Process
Commercially available LCP substrates can be generally di-
videdintotwotypes:coreﬁlmsandbondingﬁlms.Bothofthem2804 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 60, NO. 9, SEPTEMBER 2012
Fig. 10. Five-metal-layer LCP stack up.
have the same dielectric constant and loss tangent. However,
the bonding ﬁlm has a melting temperature of 280 C, which is
lowerthanthatof315 Cforthecoreﬁlm.Thus,foramultilayer
circuit construction, the core ﬁlms are used as circuit boards,
which can be double-side etched by normal inexpensive PCB
etchingprocess,whileeverybondingﬁlm isusedasanadhesive
layer between two core ﬁlms. Fig. 10 shows a ﬁve-metal-layer
constructionforthiswork.Metallayers1–4arealldouble-sided
etched on 50- mc o r eﬁlms to implement the multilayer circuit
structure , while metal layer 5 works as the ground plane.
In addition to the normal lamination guidelines in [22], the
registration error (or shift) among stacked LCP layers could be
reduced by using the following methods.
1) Ingeneral,thelessnumberoflayers,thebettertheregistra-
tion. For the structure in Fig. 10, since it is only important
to get a good registration among the ﬁrst three layers A–C,
which consist of all the circuit metallization, they can be
laminated together ﬁrst. A second lamination can then be
done to achieve the required thickness with the ground on
the bottom.
2) During the heating process, the high pressure of 300 psi
should only be applied after the material has reached
260 C for half an hour. Otherwise, the circuit metalliza-
tion can be easily pushed away during the heating process
if high pressure is applied at the beginning.
3) The LCP bonding ﬁlms are thermoplastic adhesive ma-
terials so pressure drop during the cooling process can
cause large registration error. Thus, the lamination pres-
sure should be kept until the cooling is ﬁnished.
B. Inter-Layer via Fabrication Technique
When the multilayer structure is involved, the fabrication
complexity is increased. Especially in the case of the multilayer
broadside-coupled capacitor, as shown in Fig. 11(a), the fabri-
cation of inter-layer connection via becomes very important for
achieving good agreement between fabrication and simulation.
Due to the thermoplastic nature, the LCP bonding ﬁlms will
be melted during the lamination, thus it is not a good solution to
drill and ﬁll the vias on separate layers before lamination. For
Fig. 11. (a) Conventional and (b) modiﬁed inter-connection via structure.
Fig. 12. 3-D structure of the proposed design (not on scale).
this work, two kinds of inter-layer via fabrication process for
LCP have been investigated.
1) After laminating the ﬁrst three layers A–C, via-holes in
Fig. 11(a) can be drilled. By using through-hole plating
technique,theinnerwalloftheviascanbewhollyplatedby
high-conductivity paste. Before doing the second lamina-
t i o n ,t op r e v e n tt h ep r o c e s s e dv i a so nt h eﬁrst three layers
reﬁl l e db yt h eb o n d i n gm a t e r i a l from layer D under high
lamination pressure, via-holes with slightly bigger diam-
eter should be drilled on the layer D at the same positions.
2) Via-holes can also be processed after the whole lamination
is done. In this way, via-holes in Fig. 11(a) will be drilled
as blindholes.High-conductivitypaste canthenbeapplied
to the via-holes for metallization.
For the ﬁrst method, the through holes are easy to be drilled
and plated, but the ﬁnal interconnection depends on the robust-
ness of the plated metallization. The second method provides
goodconnection,butasatradeoff,itrequiresmoreaccuratefab-
rication control to get the blind holes. In this work, the second
method is used and all the machining work are done using pi-
cosecond laser for precise fabrication. To further improve the
connection, all the multilayer interconnection vias are modiﬁed
to the structure in Fig. 11(b), where the step via has been used
to replace the straight via in Fig. 11(a) so that the middle layer
can get sufﬁcient contact after applying the paste.
V. RESULT AND FURTHER IMPROVEMENT
A. Structure and Dimensions
Based on the value extraction process for the microstrip
inductors and multilayer broadside-coupled capacitors
with the newly developed stepped via connections, the
dimensions for the proposed design and 3-D structure
have been ﬁnalized, as illustrated in Fig. 12. The size
of the ﬁlter is only 9 mm 4m m 0 . 6m m ,w h i c hi s
,a n d is the guided
wavelength on a 0.6-mm thickness substrate with dielectric
constant 3, at the center frequency of 1.25 GHz.QIAN AND HONG: MINIATURE QUASI-LUMPED-ELEMENT WIDEBAND BANDPASS FILTER 2805
Fig. 13. (a) Photograph of the fabricated wideband bandpass ﬁlter using mul-
tilayer LCP technology. (b) Measured result compared with circuit simulation.
The ﬁlter is fabricated and measured on a Hewlett-Packard
8510B networkanalyzer. Fig. 13(a) is a photographofthe fabri-
cated ﬁlter. The stepped vias show very good alignment among
different layers, which means the registration error has been
wellcontrolledduringthefabrication.Fig.13(b)showsthemea-
suredresultcomparedtothecircuitsimulation.Apartfromsome
mismatching problem in the passband, there is only a small fre-
quency shift at the higher cutoff, which is due to fabrication
tolerance. Nevertheless, the measurement is in good agreement
with the circuit simulation up to 6.5 GHz, which is about ﬁve
times the center frequency. The insertion loss is smaller than
0.7 dB between 0.5–2 GHz and the group-delay variation is
within 0.3 ns between 0.6–1.9 GHz, which is 87% of the pass-
band.
B. Further Improvement
Although the design in Fig. 12 realizes the required passband
performance with transmission zeros at both sides of the pass-
band, the upper stopband attenuation is only slightly better than
10 dB. To improve the rejection in the stopband, one could in-
crease the order of the LP ﬁlter. This method enhances both
the passband and stopband responses; hence, both the passband
edge selectivity and stopband rejection can be improved. How-
ever, this will introduce more passive elements into the design,
which would not only increase the size, but also the insertion
loss.
As a compromise, the circuit prototype in Fig. 14(a) is
a d o p t e da sa ni m p r o v e dd e s i g n. Compared to the original
Fig. 14. (a) Modiﬁed circuit prototype and (b) its 3-D structure (not on scale)
( pF, nH, pF, nH, pF,
nH).
Fig. 15. Measured and circuit simulated response of the improved design with
improved stopband performance.
circuit in Fig. 3(a), this design adds only one more inductor
to each of the shunt branches and this works together with
the shunt capacitor as a series resonator to the ground, which
can produce another transmission zero in the stopband while
keeping the passband response almost unchanged.
Another advantage of this improved prototype is it is
easy to implement the extra inductors on the original mi-
crostrip layout. It only changes the fourth layer with a
pair of high-impedance lines, as shown in Fig. 14(b).
The total size is 10 mm 4m m 0.6 mm, which is
,a n d is the guided
wavelength on a 0.6-mm thickness substrate with dielectric
constant 3, at the center frequency 1.25 GHz. This improved
design has also been fabricated and the layout is almost the
same as that shown in Fig. 13(a). The ﬁlter is measured on
a Hewlett-Packard 8510B network analyzer and the result is2806 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 60, NO. 9, SEPTEMBER 2012
shown in Fig. 15. It can be seen that the passband has better
than 13-dB return loss and 0.7-dB insertion loss. The upper
stopband has been improved with better than 17-dB attenuation
up to 6 GHz and 10-dB attenuation is achieved until 7 GHz.
The measured group delay also matches the simulation with
a variation within 0.3 ns. Compared to the circuit simulation
result, there is a little frequency shift in the higher cutoff and
the stopband attenuation has been decreased slightly due to
fabrication tolerance. From the measured result of the two
ﬁlters in this work, it can be seen that due to the smaller size
of the elements, the LP ﬁlter that controls the high side of
the passband and the upper stopband is more sensitive to the
fabrication tolerances. This explains why both measured results
show slight frequency shift at the higher cutoff.
VI. CONCLUSION
Inthispaper,twocompacthigh-performancewidebandﬁlters
have been designed and fabricated using the promising multi-
layer LCP technology. With the presented design methodology,
the values of microstrip lumped elements can be accurately ex-
tracted and the whole ﬁlter can be then designed efﬁciently with
less EM optimization time.
Besides, a ﬁve-metal-layer LCP structure has been presented
in this paper, which has not been done before for the design
of multilayer LCP ﬁlters and the newly developed fabrication
technique has also been detailed.
However, further size reduction can still be achieved in fu-
ture. In this design, via-hole sizes are relatively large as it is
needed for the stepped via connection. This also results in very
large via patches. In the future, with better plating technique,
smaller via-hole sizes can be used, and thus the overall size of
the ﬁlter can be reduced further.
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